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Abstract. Bi-containing III-V semiconductors constitute an exciting class of
metastable compounds with wide-ranging potential optoelectronic and electronic
applications. However, the growth of III-V-Bi alloys requires group-III-rich growth
conditions, which pose severe challenges for planar growth. In this work, we
exploit the naturally-Ga-rich environment present inside the metallic droplet
of a self-catalyzed GaAs nanowire to synthesize metastable GaAs/GaAs1−xBix
axial nanowire heterostructures with high Bi contents. The axial GaAs1−xBix
segments are realized with molecular beam epitaxy by first enriching only the
vapor-liquid-solid (VLS) Ga droplets with Bi, followed by exposing the resulting
Ga-Bi droplets to As2 at temperatures ranging from 270 to 380
◦C to precipitatear
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GaAs1−xBix only under the nanowire droplets. Microstructural and elemental
characterization reveals the presence of single crystal zincblende GaAs1−xBix axial
nanowire segments with Bi contents up to (10±2)%. This work illustrates how the
unique local growth environment present during the VLS nanowire growth can be
exploited to synthesize heterostructures with metastable compounds.
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1. Introduction
Alloying III-V semiconductors with Bi—the group V element which is the heaviest
of all non-radioactive elements—has been a hot topic in recent years. This is
largely due to the huge reduction of the III-V host bandgap energy per unit Bi
incorporation compared to conventional/lighter alloying elements, making III-V-Bi
alloys promising for extending the wavelength range of optoelectronic devices for
a given III-V material system [1–6]. Owing to the large Bi mass, Bi-containing
materials are also of interest for spintronics [7, 8] and thermoelectrics [3]. However,
the planar growth of III-V-Bi compounds such as GaAs1−xBix is complicated by
the requirements of low growth temperatures and group-III-rich growth conditions
[3, 9–12]. Such conditions often result in the formation of metallic droplets on the
surface, which are highly detrimental for device applications [6, 13, 14].
Nanowires (NWs) are ideally suited as nanoscale substrates for the growth
of highly lattice-mismatched and metastable heterostructures. These structures
have made it possible to form coherent heterostructures with materials which
would be extremely defective in planar form [15–19]. Regarding III-V-Bi NWs, the
growth of lattice-mismatched GaAs/GaAs1−xBix core–shell NWs has only recently
been attempted [20]. Bi has also recently been used as a surfactant during NW
growth to alter the crystal structure of Au-catalyzed GaAs NWs from wurtzite to
zincblende [21], and to induce the self-assembly of InAs quantum dots on GaAs
NW sidewalls [22]. Additionally, the Bi-catalyzed vapor-liquid-solid (VLS) growth
of GaAs nanodiscs [23] and of in-plane Ga(As,Bi) NWs [24] has been observed.
However, the incorporation of Bi in axial NW heterostructures—as well as in VLS
growth of standing III-V NWs—has not been reported.
In this work, we exploit the Ga-rich environment at the tip of self-assisted
VLS GaAs NWs, to realize GaAs1−xBix axial NW segments with Bi contents
in excess of 10% on Si substrates. Exposing GaAs NWs to Bi results in an
accumulation of Bi only within the Ga droplets. Subsequently exposing these Ga-Bi
droplets to an As2 flux precipitates axial GaAs1−xBix NW segments, with excess
Bi remaining on top of the segment as metal droplets. Varying the temperature
during precipitation between 270 ◦C and 380 ◦C, Bi contents up to (10±2)% are
achieved in the segment. Microstructural and elemental characterization reveals
that the GaAs1−xBix segments with highest Bi concentration are single crystalline
zincblende. These results illustrate how VLS NW synthesis can be exploited to
realize heterostructures with metastable compounds.
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2. Experimental
2.1. Sample growth
Samples were grown by molecular beam epitaxy on p-type Si(111) wafers covered by
native oxide. Standard effusion cells provided Ga and Bi fluxes, and valved crackers
supplied As2. Substrate temperatures were measured by a pyrometer calibrated to
the oxide desorption temperature of GaAs(100). Prior to growth, the wafers were
ramped to about 645 ◦C and annealed for 10 min. Ga droplets were then formed
on the substrate by exposing the substrate to Ga for 30 s at 1.32 µmh−1 GaAs
equivalent growth rate, followed by a 220 s flux interruption [25]. Vertical GaAs
NW segments with diameter, length and density on the order of 30 nm, 300–700 nm
and 0.1–2.5 µm−2, respectively, were obtained through simultaneous exposure of
As2 at 3.8 µmh−1 and Ga at 0.3 µmh−1 GaAs equivalent growth rate for 3 min.
Subsequently, the As2 flux was decreased to 0.6 µmh−1 GaAs equivalent growth rate
in order to enlarge the diameter of the NWs [26], and the growth was continued for
10 min while maintaining the substrate at 645 ◦C. The resulting GaAs NWs had a
total length of 0.3–1.8 µm and a top diameter of 50–110 nm. After the growth of
GaAs NWs, the fluxes were interrupted and the substrate ramped to 420 ◦C, and the
sample was subsequently exposed to a Bi flux corresponding to a 0.2 µmh−1 growth
rate for 3 min to enrich the Ga droplets with Bi. The substrate was then ramped
to 270–380 ◦C without the exposure to any fluxes. Axial GaAs1−xBix NW segments
were formed with a 30 min exposure of the Ga-Bi droplets to As2 at 0.5 µmh−1
GaAs equivalent growth rate. The growth of the samples depicted in figures 1a,b
was stopped after the formation of GaAs NWs, and Ga-Bi droplets, respectively.
Samples were rotated at 10 rpm during growth.
2.2. Transmission electron microscopy
Transmission electron microscopy - energy dispersive X-ray spectroscopy (TEM-
EDS) studies and morphological analysis were carried out on dispersed NWs. The
samples were prepared by mechanically scratching the NWs from their substrates
and subsequently transferring them to lacey carbon films with 300 mesh copper
grids. TEM and scanning transmission electron microscopy (STEM) imaging,
high-resolution TEM imaging, correlated EDS and mapping measurements were
performed with a JEOL 2100F field emission microscope operated at 200 kV. The
microscope is equipped with a Gatan Ultra Scan 4000 CCD camera for image
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recording. High-resolution images were obtained by aligning the NWs along the
[110] zone axis orientation, which was controlled by an electron diffraction pattern.
g002 dark-field (DF) TEM investigations were carried out on cross-sectional
TEM specimens, using a Jeol JEM 3010 microscope operating at 300 kV equipped
with a GATAN slow-scan CCD camera. The NWs were prepared in the two
orthogonal [110] and [112] projections using conventional techniques, where the
NWs are glued for mechanical stabilization and thinned by mechanical grinding,
dimpling, and Ar-ion milling.
3. Results and discussion
Figure 1 depicts the end portion of individual NWs after different stages of growth.
First, GaAs NWs were grown by the Ga-assisted VLS method in molecular beam
a b c
100 nm
Figure 1. Scanning electron micrographs of single NWs after different stages of
growth. (a) GaAs NW with Ga droplet. (b) GaAs NW with Bi-Ga droplet with
Bi/Ga volume ratio of about 5 after Bi exposure. (c) After exposing the Ga-Bi
droplet to As2. The scale bar in (a) is valid for all panels.
epitaxy [27, 28] (figure 1a). Next, the NWs were exposed to a Bi flux corresponding
to a 0.2 µmh−1 growth rate of metallic Bi for 3 min at a temperature of about 420 ◦C
(figure 1b). At these conditions, Bi has been shown to behave as a surfactant
for growth on GaAs{110} NW sidewalls and planar substrates [22, 29]. For the
present case, assuming a constant ratio between a GaAs NW diameter and the
diameter of its Ga droplet, we estimate that based on the analysis of 14 NWs
by scanning electron microscopy (SEM), the Bi exposure increases the averaged
diameter of the droplets by a factor of about 1.7, indicating an enrichment of the
Ga droplet with Bi. This increase corresponds to a Bi/Ga volume ratio in the
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droplet of about 5. No evidence for Bi accumulation was observed by SEM on
the NW sidewalls or substrate, indicating that Bi desorbed from these surfaces [see
Supporting Information (SI)]. After enriching the Ga droplets with Bi, the NWs
were exposed for 30 min to an As2 flux of 0.5 µmh−1 GaAs equivalent planar growth
rate at substrate temperatures ranging from 270 ◦C to 380 ◦C. The resulting NW
structure obtained for a substrate temperature of 300 ◦C is shown in figure 1c. The
As2 exposure results in the formation of a precipitated segment below the droplet
(compare figure 1b and 1c).
According to the bulk Ga-Bi phase diagram, Ga and Bi form a homogeneous
mixture for all Bi concentrations above the Bi melting point (271.4 ◦C) [30, 31].
Thus, the Ga-Bi droplet should be a homogeneous liquid mixture for all As2 exposure
temperatures, with the possible exception of the lowest temperature of 270 ◦C. The
addition of As2 is expected to precipitate a GaAs-rich solid [32, 33]. We note that
GaAs/InAs axial NW heterostructures have previously been obtained by a related
approach, where In droplets formed atop of GaAs NWs (where the Ga droplets had
previously been converted to GaAs by As exposure) were subsequently converted
into InAs axial segments by As exposure [34, 35].
The microstructure of NWs grown by the above approach was investigated
by TEM. Figure 2 shows TEM micrographs of a single GaAs/GaAs1−xBix NW
hererostructure grown by exposing the Ga-Bi droplet to As2 at 300
◦C [see SI for
micrographs on additional NWs]. The high angle annular dark-field (HAADF)
STEM image of the NW (figure 2a) illustrates three regions of distinct contrast:
a lower region corresponding to the GaAs NW stem, a middle region which
precipitated from the Ga-Bi droplet during the As2 exposure step, and a remaining
top droplet.
Analysis of 15 NWs from this sample yields average widths of (95±3) nm for the
lower GaAs segment and (147±5) nm for the precipitated middle segment. As NW
widths are correlated with the droplet diameter [38], the wider diameter is consistent
with this segment having precipitated from the Ga-Bi droplet, which was larger than
the initial Ga droplet. The precipitated segment shows a brighter contrast than
the lower GaAs in figure 2a, due to the differences in thickness and/or change in
composition due to the presence of Bi. As the HAADF intensity is proportional to
the atomic number to the power of about 1.7, regions containing Bi (atomic number
83) are expected to appear brighter than those containing only Ga and As (atomic
numbers 31 and 33, respectively). Correspondingly, the droplet atop the NW shows
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Figure 2. TEM micrographs of a single axial GaAs/GaAs1−xBix NW
heterostructure grown by exposing the Ga-Bi droplet to As2 at 300
◦C. (a) High-
angle annular dark-field image. (b) Bright-field image. (c) High-resolution TEM
microfield of the red-highlighted droplet-NW interface region in (b). (d) Fast
Fourier transform of the yellow heightened region corresponding to the [110]
zone axis in (c), indicating single crystal zincblende structure. The NW was
aligned close to the [110] zone axis, and its growth direction was along 〈111〉, most
likely along [111] [36, 37]. Green arrows indicate the apparent GaAs/GaAs1−xBix
interface.
the brightest contrast, indicating that it is rich in Bi.
A bright-field TEM micrograph of the NW shown in figure 2a is presented in
figure 2b. An abrupt change in contrast in the axial direction is observed near
the bottom of the precipitated segment in both figure 2a and 2b (indicated by
green arrows in both images), possibly indicating an interface between GaAs and
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GaAs1−xBix. Figure 2c displays a close-up high-resolution TEM micrograph of the
interface between the droplet and the precipitated segment (red-highlighted area in
figure 2b), revealing an abrupt interface between the two regions. While the precip-
itated segment exhibits a single crystal zincblende crystal structure (see figure 2d
showing a fast Fourier transform of the area indicated in yellow), the droplet in
figure 2c shows no clear crystal structure.
The local elemental composition of individual NW heterostructures was
investigated by TEM-EDS. Figure 3 presents the TEM-EDS charactization of the
composition of a single NW with a GaAs1−xBix segment grown at 300◦ C [see SI
for TEM-EDS data of additional NWs]. A bright field TEM micrograph of the
investigated NW is shown in figure 3a. Figure 3b presents horizontal EDS line
profiles of Bi, As and Ga, carried out over the area indicated by the white rectangle
in 3a. Gray dotted lines separate three distinct regions of composition: Bi-rich
droplet (i), GaAs1−xBix segment (ii) and GaAs NW (iii), which correspond well
with the features in the bright-field micrograph. Region i is dominated by the
presence of Bi, but also consists of a non-zero amount of As and Ga. Region
ii contains significant concentrations of Bi, As and Ga, thus demonstrating the
successful incorporation of Bi in an axial GaAs1−xBix NW segment. The Bi signal
is remarkably constant in the interval 100–150 nm. Region iii is essentially Bi-free,
as expected for the GaAs segment of the NW. We note that the abrupt contrast
change observed in figure 3a corresponds to an abrupt increase in the Bi content.
Such an abrupt contrast is also observed for the NW shown in figures 2a,b (indicated
by green arrows). Figure 3c–e show the corresponding two-dimensional maps of Bi,
As, and Ga for the NW heterostructure. The EDS results indicate that exposing
the Ga-Bi droplet to As2 results in the precipitation of a GaAs1−xBix segment. This
process depletes the droplet of most of the Ga. The remaining Bi that does not
incorporate into the precipitated segment remains as a Bi-rich droplet.
Since the EDS intensity depends on the composition, element specific scattering
probability and thickness, the Bi, As and Ga intensities in 3b are not directly
comparable. However, we note that in region iii, which is expected to contain
stoichiometric GaAs, the Ga and As signals are nearly equal. By contrast, in region
ii the Ga signal is considerably larger than the As signal. Since Bi is expected to
occupy the group V (As) sites in the GaAs lattice, the relative drop in the As signal
in region ii is attributed to Bi incorporation on As sites. Under this assumption,
Axial GaAs/Ga(As,Bi) Nanowire Heterostructures 9
0 50 100 150 200 250
10
20
30
40
50
iiiii
c
excess Bi
 Bi As Ga
Inte
nsit
y (a
rbitr
ary 
unit
s)
Position (nm)
   Bi-rich Ga(As,Bi) GaAs
〈111〉
Bi As Gad e
a
b
i
50 nm
Figure 3. TEM-EDS characterization of a single axial GaAs/GaAs1−xBix NW
heterostructure with GaAs1−xBix segment grown at 300◦ C. (a) Bright-field
micrograph (growth direction indicated by arrow). (b) EDS line profile measured
over the highlighted area in (a). The plot is separated into three regions labeled i,
ii and iii, which correspond to the Bi-rich droplet, the GaAs1−xBix and the GaAs
segments, respectively. (c–e) EDS maps for Bi, As and Ga.
the As content in the GaAs1−xBix segment (ii), 1-x, is given by
[As]ii = (IAs/IGa)ii · (IGa/IAs)iii , (1)
where IAs, IGa are the As and Ga intensities, respectively, in the indicated
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region (ii, iii). Thus, the As/Ga intensity ratio in region ii is normalized to that of
region iii, which is assumed to contain stoichiometric GaAs. The shown data and a
repeated scan of the same NW yield an averaged Bi concentration, x, of (10±2)%.
For comparison, we note that the Bi signal in the GaAs1−xBix segment is on the
order of 10% of that in the droplet. Since the droplet is composed of predominantly
Bi, this further confirms a large incorporation of Bi in the GaAs1−xBix segment on
the order of 10%.
The above procedure was carried out on other samples, where the GaAs1−xBix
segment was precipitated at different substrate temperatures. Figure 4a shows the
Bi content [Bi]ii of GaAs1−xBix segments as a function of growth temperature. The
data points are obtained from measurements on single NWs [TEM-EDS data is
provided in the SI]. We note that due to measurement uncertainties, this procedure
may result in negative values for [Bi]ii , which should not be associated with physical
meaning.
The Bi concentration strongly decreases with increasing growth temperature for
temperatures above 300 ◦C, in agreement with planar GaAs1−xBix growth studies
[12, 39]. The highest Bi content of (10±2)% was obtained at 300 ◦C. At this substrate
temperature, Bi concentrations around 4% [39] and 8% [12] were achieved in planar
layers. Thus, it is possible to incorporate Bi into axial GaAs1−xBix NW segments
in very high concentrations. Interestingly, we observe a scatter in the Bi content of
single NWs (even from NWs of the same sample), possibly due to local variations
in the environment around the individual Ga-Bi droplets during the precipitation of
the GaAs1−xBix segments. We speculate that this fluctuation could be minimized
by employing selective area growth to realize regular arrays of GaAs NWs [40, 41].
For segments grown at 270 ◦C, TEM micrographs [see SI] reveal inhomogeneous
morphologies as well as the presence of clusters. We note that the melting point of
Bi is 271.4 ◦C. It is probable that these segments precipitated from Bi-Ga droplets
which were partially solid, which presumably would strongly influence the segment
growth.
To corroborate the Bi concentrations determined from the As and Ga EDS
signals, the average Bi/Ga EDS intensity ratio (IBi/IGa)ii of the GaAs1−xBix
segments is plotted as a function of growth temperature in figure 4b. We note
that these values are not the Bi concentration in the GaAs1−xBix segment, as EDS
intensities scattered by different elements are not directly comparable. However, we
expect that the obtained values only differ from the real Bi content by a constant
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Figure 4. (a) GaAs1−xBix segment Bi content as a function of the growth
temperature during the As2 exposure step, determined by the TEM-EDS method
discussed in the text (blue data). A linear fit to the data for growth temperatures
300–380◦ C is included to illustrate the trend of the data. Negative values should
not be associated with physical meaning. The green data point was obtained with
independent g002 dark-field TEM measurements. (b) Bi/Ga EDS intensity ratio
of GaAs1−xBix segments. Data points correspond to measurements on individual
NWs. The gray line indicates the bulk melting point of Bi.
scale factor. We note that segments with higher Bi concentrations in figure 4a,
correspond to higher (IBi/IGa)ii ratios in 4b, and the (IBi/IGa)ii ratio also strongly
decreases with increasing growth temperature. The strong agreement between
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[Bi]ii and (IBi/IGa)ii indicates that the large NW-to-NW Bi content fluctuations
are real and not the result of measurement inaccuracies. In order to calculate the
(IBi/IGa)ii ratio from TEM-EDS data, it is necessary that the Bi EDS signal is
unequivocally attributable to Bi integrated in the GaAs1−xBix segment, and not to
Bi-rich accumulations on the side of the GaAs1−xBix segment. For this reason, the
(IBi/IGa)ii ratio is not given for some of the NWs [see SI].
Additionally, independent chemically sensitive g002 DFTEM measurements [42]
adapted to the NW geometry allow a rough estimation of the Bi content [for details,
see the SI]. The measurements were performed on the NWs with GaAs1−xBix
segments grown at 300 ◦C. The analysis yields an average Bi content of [Bi] =
(12±2)% (see green data in figure 4a), which is in good agreement with the value
estimated using EDS.
The growth of GaAs1−xBix planar films with Bi-contents in excess of 10% is
challenging owing to the weak Ga-Bi reactivity and the requirement of Ga-rich
growth conditions [12]. The bandgap of GaAs1−xBix films with about 10% Bi
has been shown to be about 0.8 eV [6, 43]. Additionally, it has been shown that
GaAs1−xBix planar layers with Bi contents of up to 17.8% have a direct bandgap
[6]. Our axial GaAs1−xBix/GaAs NW heterostructures are thus of interest for
optoelectronic devices, potentially covering a huge bandgap range of 0.8–1.424 eV,
which includes the telecommunications windows.
4. Summary and conclusions
In summary, axial GaAs1−xBix/GaAs NW heterostructures with high Bi
concentrations have been realized by exploiting the Ga-rich environment atop self-
assisted GaAs NWs. This growth approach overcomes the major challenges which
have faced the planar growth of the exciting family of metastble III-V-Bi alloys.
Characterization of single GaAs1−xBix/GaAs NW heterostructures demonstrates the
formation of single crystalline, zincblende GaAs1−xBix with Bi concentrations up to
about (10±2)%. This work demonstrates how the local environment present during
NW growth can be exploited to synthesize metastable alloys at conditions which
cannot be reached by more conventional growth approaches.
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